Abstract: Hepatocellular carcinoma (HCC) causes one of the most frequent cancer-related deaths; an HCC subset shows rapid progression that affects survival. We clarify molecular features of aggressive HCC, and establish a molecular scoring system that predicts metastasis after curative treatment. In total, 125 HCCs were examined for TP53, CTNNB1, and TERT promoter mutation, methylation of 8 tumor suppressor genes, and 3 repetitive DNA sequences to estimate promoter hypermethylation and global hypomethylation. A fractional allelic loss (FAL) was calculated to represent chromosomal instability through microsatellite analysis. Molecular subclasses were determined using corresponding and hierarchical clustering analyses. Next, twenty-five HCC patients who underwent liver transplantation were analyzed for associations between molecular characteristics and metastatic recurrence; survival analyses were validated using a publicly available dataset of 376 HCC cases from the Cancer Genome Atlas (TCGA). An HCC subtype characterized by TP53 mutation, high FAL, and global hypomethylation was associated with aggressive tumor characteristics, like vascular invasion; CTNNB1 mutation was a feature of the less-progressive phenotype. A number of molecular risk factors, including TP53 mutation, high FAL, significant global hypomethylation, and absence of CTNNB1 mutation, were noted to predict shorter recurrence-free survival in patients who underwent liver transplantation (p = 0.0090 by log-rank test). These findings were validated in a cohort of resected HCC cases from TCGA (p = 0.0076). We concluded that molecular risks determined by common genetic and epigenetic alterations could predict metastatic recurrence after curative treatments, and could be a marker for considering systemic therapy for HCC patients.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third most frequent cause of cancer-related death worldwide. Receiving curative treatment, such as radiofrequency ablation, hepatic resection, and liver transplantation, is critical for the long survival of HCC patients [1] . However, emergence of metastatic recurrence after curative treatment has a strong negative impact on survival [2] . Therefore, identifying a subset of HCC that carries a high risk of metastasis is clinically important, because patients with tumor dissemination need to be treated in combination with systemic therapy.
So far, sorafenib has been the only agent effective for advanced stage HCCs, including those with metastatic recurrence [3] . However, in addition to sorafenib, several molecular targeting agents have been found to be effective for the treatment of advanced HCC. For example, regorafenib, a tyrosine kinase inhibitor (TKI) targeting vascular endothelial growth factor receptor (VEGFR) type 1 to 3, platelet-derived growth factor receptor, angiopoietin 2 receptor, KIT, and RET, is now approved for HCC patients who have progressed on sorafenib, because of its effect on extension of overall survival (OS) and progression-free survival (PFS) [4] . This result suggests that sequential sorafenib/regorafenib treatment would be available in the advanced stage of HCCs, which could be beneficial for survival [5] . Another multikinase inhibitor, lenvatinib, has also been approved for HCC cases refractory to locoregional therapies [6] . Furthermore, the anti-VEGFR2 antibody, ramucirumab, is reportedly beneficial to HCC patients with serum alpha-fetoprotein (AFP) levels ≥400 ng/dL, and cabozantinib, that mainly inhibits tyrosine kinases including MET, AXL, VEGFR-2, is also known to induce objective tumor response with reduction of tumor markers [7, 8] . In addition, anti-programmed cell death 1 (PD-1) antibody is reportedly show an objective response in around 20% of HCC cases [9] [10] [11] . Considering that these agents showed promising results for patients with disseminated HCC, treatment strategies and management of progressed HCC should be reconsidered because locoregional treatment sometimes result in deterioration of liver function [5] . Currently, systemic therapies of HCC are recommended for the cases with advanced stage where portal vein invasion and extrahepatic spread are detected [12] . However, HCC patients who need systemic therapies should be selected more precisely, because undetectable tumor dissemination causes metastatic recurrence after curative treatment; new systemic therapies, using TKIs and immune checkpoint inhibitors, could improve survival in such HCC cases.
On the other hand, cancer cells carry several genetic, epigenetic, and chromosomal alterations; these events could have a strong impact on acquisition of aggressive tumor behavior [13] . For example, accumulation of chromosomal alterations, as well as genome-wide DNA hypomethylation, is reportedly associated with HCC aggressiveness [14] [15] [16] . A recent genome-wide mutational analysis also showed driver mutations on several cancer-related genes associated with HCC progression [17, 18] . In addition, inactivation of tumor suppressor genes (TSGs) by promoter methylation is also critical for HCC emergence and progression [19] [20] [21] [22] [23] . Despite observations that HCCs harbor several kinds of alterations that may affect tumor behavior, a majority of studies merely focus on one of these alterations to predict tumor characteristics. However, as these events are generally observed simultaneously, thus indicating a crosstalk among cancer-related pathways, it is important to consider comprehensive aspects of molecular events to determine the tumor characteristics [24] [25] [26] . From this perspective, we conducted comprehensive genetic, epigenetic, and chromosomal analyses in the same HCC tissues, and subclassified them to determine molecular characteristics related to tumor aggressiveness. In addition, this study also aimed at assessing the performance of molecular risk scoring, constructed through molecular subclassification, on the emergence of metastatic recurrence after curative therapies, like liver transplantation in HCC patients. Based on these data, we speculate molecular risk score can be a good marker for the selection of HCC patients who need systemic therapies with novel TKIs and immune checkpoint inhibitors.
Results

Mutations of CTNNB1 and TP53 Genes and TERT Promoter, in HCCs from Hepatic Resection
In total, 24.8% (31/125), 21.6% (27/125), and 68.0% (85/125) of HCCs showed mutation in CTNNB1 and TP53 genes and the TERT promoter, respectively. Details of the position and base substitution of each mutation are listed in Supplementary Table S1 . We analyzed the association between the presence of mutation and clinical background: sex (male or female), age (>60 or ≤60 years), presence of HBV (hepatitis B surface antigen; HBsAg positive or negative), presence of HCV (hepatitis C antibody; HCVAb positive or negative), serum AFP level (≥200 ng/mL or <200 ng/mL), maximum tumor size (≥3.0 cm or <3.0 cm), vascular invasion (presence or absence), tumor number (solitary or multiple), and differentiation of tumor (well or moderately/poorly).
Mutation of CTNNB1 was more frequently observed in HCCs from males (28/90, 31.1% for males, and 3/35, 8.6% for females; p = 0.0088 by Pearson's chi-square test, Table 1 ). Similarly, CTNNB1 was associated with low serum AFP levels <200 ng/mL (p = 0.0015), absence of vascular invasion (p = 0.0194), and a well-differentiated phenotype (p = 0.0018). Mutation of the TP53 gene was associated with HBV-positivity (p = 0.0147), serum AFP levels ≥200 ng/mL (p = 0.0063), presence of vascular invasion (p = 0.0029), and moderately/poorly-differentiated phenotype (p = 0.0235). On the contrary, the clinical backgrounds associated with TERT promoter mutation was the presence of HCV and without non-B non-C (NBNC) (p = 0.0007 and 0.0282 for HCV and NBNC, Table 1 ). 5 HCV: hepatitis C virus (positive for HCVAb), 6 NBNC: non-B non-C (negative for both HBsAg and HCVAb).
Regional Hypermethylation at TSG Promoters and Global Hypomethylation in HCCs from Hepatic Resection
Median methylation levels and 25th-75th percentiles on the promoters of 8 TSGs, determined by combined bisulfite restriction analyses (COBRA), are as follows: 52.0% (distribution, 36.5-70.0), 23.0% (16.3-43.5) , and 34.9 (14.5-65.5) for Alu, long interspersed element-1 (LINE-1), and juxtacentromeric satellite 2 (SAT2), respectively. Based on the methylation levels of 8 TSG promoters, and 3 kinds of rDNAs, we determined the presence of regional TSG hypermethylation and significant global hypomethylation, respectively, using hierarchical analyses (Supplementary Figure S1) . Eighty-one HCCs were classified as carrying TSG hypermethylation, whereas 44 were without hypermethylation. Similarly, among 125 HCCs, 67 were considered as carrying significant global hypomethylation.
The presence of TSG hypermethylation showed a borderline association with presence of HCV (p = 0.0494). On the contrary, tumors showing global hypomethylation were significantly more frequent in patients with serum AFP levels ≥200 ng/mL, and with vascular invasion (p = 0.0469 and 0.0216, respectively, Table 2 ). Although not statistically significant, the global hypomethylation phenotype also showed borderline association with the presence of HBV and absence of HCV (p = 0.0583 and 0.0519, respectively, Table 2 ). 1 Methylation status in the promoters of TSGs was classified as presence (+) or absence (−) of hypermethylation, based on the cluster from hierarchal clustering analyses using methylation levels of 8 TSG promoters (APC, CDKN2A, RASSF1A, HIC-1, GSTP1, RUNX3, SOCS1, and PRDM2). 2 Global methylation status was classified as presence (+) or absence (−) of significant hypomethylation through hierarchal clustering analyses using methylation levels of LINE-1, Alu, and SAT2. 3 Extension of chromosomal alteration was classified using fractional allelic loss (FAL) score as FAL ≥ 21% and <21%. 4 HBV: hepatitis B virus (positive for HBsAg), 5 HCV: hepatitis C virus (positive for HCVAb), 6 NBNC: non-B non-C (negative for both HBsAg and HCVAb).
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Degree of Chromosomal Alterations in HCC
The median fractional allelic loss (FAL) score of the HCC cohort was 21% (distribution; 2-64); we classified HCCs based on the FAL score as an alternative of total extension of chromosomal alteration; 67 HCCs showed FAL scores ≥ 21%, and 58 HCCs showed FAL scores < 21%. High FAL scores were significantly associated with high serum AFP levels (p < 0.0001), presence of vascular invasion (p = 0.0043), and moderately/poorly differentiated phenotype (p = 0.0393, Table 2 ).
Molecular Classification of HCC Based on Comprehensive Analyses of Mutation, DNA Methylation, and Chromosomal Alterations
Each HCC showed several alterations in cancer-related genes and chromosomes, and they might act in concert and affect the establishment of aggressive tumor phenotypes. Therefore, we attempted to consider each molecular alteration comprehensively for molecular classification and examined the clinical characteristics of each subclass. For this purpose, we performed corresponding analyses and visualized the association of each sample based on molecular alterations (Figure 1a ). Subsequently, we classified HCCs using hierarchical clustering.
One hundred and twenty-five HCCs were successfully classified into 4 groups through hierarchical clustering ( Figure 1b ). The proportion of subclasses A1, A2, B1, B2 were 21.6% (27/125), 16 .8% (21/125), 32.8% (41/125), and 28.8% (36/125), respectively. An overview of genetic, epigenetic, and chromosomal alterations of each subclass is shown in Figure 2 . Briefly, CTNNB1 mutations were detected in 3.7% (1/27), 0% (0/21), 31.7% (13/41), and 47.2% (17/36) of the tumors in subgroups A1, A2, B1, and B2, respectively. Similarly, the frequencies of TP53 and TERT promoter mutations in each subgroup were as follows: 11.1% (3/27), 0% (0/21), 56.1% (23/41), and 2.8% (1/36) for TP53 mutation, and 18.5% (5/27), 71.4% (15/21), 75.6% (31/41), and 94.4% (34/36) for TERT promoter mutations in subgroup A1, A2, B1, and B2, respectively (p < 0.0001 for CTNNB1, TP53, and TERT promoter mutation; Table 3 ). Regarding methylation status, 22.2% (6/27), 9.5% (2/21), 95.1% (39/41), and 94.4% (34/36) of the tumors showed hypermethylation in TSG promoters, and 59.3% (16/27), 9.5% (2/21), 92.7% (38/41), and 30.6% (11/36) represented significant global hypomethylation in subgroups A1, A2, B1, and B2, respectively (p < 0.0001 for both; Table 3 ). For extension of altered chromosomal regions, 70.4% (19/27), 14.3% (3/21), 90.2% (37/41), and 22.2% (8/36) showed FAL scores ≥ 21% (p < 0.0001; Table 3 ). and B2-subclass in purple. (a) 125 HCCs were analyzed using the corresponding analysis based on the presence or absence or the CTNNB1, TP53, and TERT promoter mutations, methylation status on 8 TSG promoters (with or without hypermethylation), methylation status on the 3 kinds of rDNAs (with or without significant hypomethylation), and FAL score (<21% and ≥21%). (b) Hierarchical clustering analyses using x-and y-axis values of two-dimensional drawings of corresponding analysis shown in (a). Each subclass was determined based on the clusters. The black rectangle represents positive, the white represents absence, and gray shows that information is missing. p-hyper denotes promoter hypermethylation determined by methylation levels of 8 tumor suppressor genes, and S-hypo denotes significant global hypomethylation determined by methylation levels of 3 kinds of repetitive DNA sequences. TERT-p mutation, TERT promoter mutation. FAL: fractional allelic loss (%) as a representative of the degree of chromosomal alterations. Mod-poorly: moderately-poorly differentiated. The black rectangle represents positive, the white represents absence, and gray shows that information is missing. p-hyper denotes promoter hypermethylation determined by methylation levels of 8 tumor suppressor genes, and S-hypo denotes significant global hypomethylation determined by methylation levels of 3 kinds of repetitive DNA sequences. TERT-p mutation, TERT promoter mutation. FAL: fractional allelic loss (%) as a representative of the degree of chromosomal alterations. Mod-poorly: moderately-poorly differentiated.
Based on these analyses, group A was characterized by low frequencies of CTNNB1 and TP53 mutation, and TSG hypermethylation; the significant global hypomethylation and FAL ≥ 21% were more frequent in subgroup A1 than in A2. On the other hand, high frequency of CTNNB1 mutation and TSG hypermethylation were characteristic of group B. In addition, the frequencies of TP53 mutation, global hypomethylation, and FAL ≥ 21% were the highest in subgroup B1 among the 4 subgroups. 
Molecular Classification and Clinical Feature of HCC
Next, we examined the differences in clinical factors associated with tumor aggressiveness among the molecular subgroups. There was no difference in age, sex, tumor size, and number of tumors among groups; though statistically insignificant, the proportion of HBV positivity was higher in subgroup A1 and B1 than in A2 and B2. HCV positive patients differed among the groups where HCV related HCC was more frequent in subgroups A2 and B2 than in A1 (p = 0.0149; Table 3 ). Interestingly, there was a clear difference in the proportion of factors related to tumor aggressiveness and metastasis, such as high serum AFP levels, vascular invasion (p = 0.0002 for serum AFP levels and p = 0.0013 for vascular invasion). Subgroup B1 showed the highest proportion of tumors with serum AFP ≥ 200 ng/mL and positive for vascular invasion (56.1% and 64.1%, respectively), which was followed by subgroup A1 (51.9% and 63.0% for high serum AFP and vascular invasion, respectively; Table 3 ). Moderately/poorly differentiated phenotype was also more frequent in the HCCs from subgroup A1 and B1, compared to the tumors in subgroup A2 and B2.
We also compared recurrence-free survival (RFS) after the initial treatment among the patients classified into 4 molecular subgroups. Interestingly, patients in subgroup A1 and B1 showed shorter RFS than those in A2 and B2 (p = 0.0222; Supplementary Figure S2 ).
Scoring Using Molecular Risk Factors and Recurrence after Liver Transplantation in HCC
Next, we also scored HCC cases of liver transplantation based on the number of molecular alterations. Details of patients who underwent liver transplantation are shown in Supplementary  Table S2 . Among the 25 patients, HCC recurrence emerged in 6 patients during the median observation period of 50 months (range 2-106 months); all these patients showed extrahepatic recurrence.
Among patients who underwent transplantation, 7 (28%: 7/25), 9 (36%: 9/25), and 18 (72%: 18/25) showed CTNNB1, TP53, and TERT promoter mutations, respectively (Supplementary Table S3 3-52.9) , and 11.3% (3.9-20.6) for the promoters of APC, CDKN2A, RASSF1A, HIC-1, GSTP1, RUNX3, SOCS1, and PRDM2, respectively. Similarly, median methylation levels and 25th-75th percentiles on rDNAs are as follows: 64.0% (57.5-74.8), 46.5% (25.3-70.7) , and 38.5% (10.5-68.5) for Alu, LINE-1, and SAT2, respectively.
Based on the analysis using liver resection cases, the molecular classification of HCC reflected the tumor characteristics well, where the aggressive subgroups were characterized by the presence of TP53 mutation, FAL scores ≥ 21%, and significant global hypomethylation ( Table 3) . Absence of CTNNB1 mutation is also related to high serum AFP levels and vascular invasion (Table 1) . Therefore, we scored HCCs from liver transplantation cases using the total number of following items: absence of CTNNB1 mutation, presence of TP53 mutations, FAL score ≥ 21%, and global hypomethylation phenotype; we arbitrarily subclassified HCCs as showing an "aggressive molecular pattern" if the number of items ≥3, and as "mild molecular pattern" if the number of items ≤2.
For determination of significant global hypomethylation in 25 HCCs from liver transplantation, we used the Z-score of methylation levels in 125 HCCs from liver resection, which was calculated using the mean and standard deviation of methylation levels of Alu, LINE-1, and SAT2 as follows: mean methylation level = 0.36, standard deviation = 0.25, Z-score = ("methylation levels of each cases" − 0.36)/0.25. Subsequently, we calculated the sum of the Z scores of Alu, LINE-1, and SAT2. A receiver operating characteristic (ROC) curve revealed the sum of Z-scores, "−0.01217," as the best threshold to discriminate significant global hypomethylation from non-hypomethylation phenotype in the HCC cohort of liver resection. Therefore, we considered HCCs from liver transplantation as carrying global hypomethylation phenotype if the sum of Z-scores < −0.01217.
We then compared RFS after liver transplantation between HCC patients showing aggressive molecular patterns and those showing mild molecular patterns. The RFS of patients with HCCs showing aggressive molecular pattern was significantly shorter than those showing mild molecular pattern (p = 0.0090 by log-rank test; Figure 3 ). Serum AFP and decarboxy-prothrombin (DCP) levels and tumor size were also significantly associated with the DFS in univariate analysis (Supplementary Table S4 ). We subsequently performed multivariate analysis considering serum AFP and decarboxy-prothrombin (DCP) levels, tumor size, and molecular pattern; no items were revealed to be independent (Supplementary Table S4 ). 
Survival Analysis Using Dataset from TCGA
For validation of the robustness of the molecular risks for recurrence determined by our HCC cohort, we referred to the TCGA database where a clinical dataset of 376 HCC cases are available. 
For validation of the robustness of the molecular risks for recurrence determined by our HCC cohort, we referred to the TCGA database where a clinical dataset of 376 HCC cases are available. Among them, data from whole exome sequencing, copy number values determined using Affymetrix SNP6, and methylation analysis by HumanMethylation450 BeadChip (HM450) are available for 168 HCC cases. The details of the 168-HCC dataset are shown in Supplementary Table S5 . As the methylation levels of rDNAs are not available in this dataset, we scored HCC cases based on three molecular risk factors: absence of CTNNB1 mutation, presence of TP53 mutation, and high FAL score. For determination of FAL, copy number gain and loss were analyzed in 24,776 genes. The mean and median percentage of copy number alteration was 40% and 37% of this cohort, respectively. Therefore, HCCs with percentage of copy number alteration ≥39% were considered as showing high FAL. The RFS after HCC resection was significantly shorter in HCC cases with multiple molecular risk factors (2 or 3 risk factors) compared to those with 0-1 risk factor (p = 0.0076 by log-rank test; Figure 4a ). Although not significant, overall survival was also shorter in HCC cases with multiple molecular risk factors (p = 0.1037; Figure 4b ). We also performed survival analysis using 152 HCC cases with curative resection (no cancer cells observed microscopically at the resection margin, denoted as R0 in Supplementary Table S5 ) among 168 HCC cases. Again, the RFS was significantly shorter in HCC cases with multiple molecular risks than in those with 0-1 molecular risk factor (p = 0.0058). ≥ 3) , and the broken line represents the cases with mild molecular pattern (molecular risk factors ≤ 2). p = 0.0090 by log-rank test.
For validation of the robustness of the molecular risks for recurrence determined by our HCC cohort, we referred to the TCGA database where a clinical dataset of 376 HCC cases are available. Among them, data from whole exome sequencing, copy number values determined using Affymetrix SNP6, and methylation analysis by HumanMethylation450 BeadChip (HM450) are available for 168 HCC cases. The details of the 168-HCC dataset are shown in Supplementary Table S5 . As the methylation levels of rDNAs are not available in this dataset, we scored HCC cases based on three molecular risk factors: absence of CTNNB1 mutation, presence of TP53 mutation, and high FAL score. For determination of FAL, copy number gain and loss were analyzed in 24,776 genes. The mean and median percentage of copy number alteration was 40% and 37% of this cohort, respectively. Therefore, HCCs with percentage of copy number alteration ≥39% were considered as showing high FAL. The RFS after HCC resection was significantly shorter in HCC cases with multiple molecular risk factors (2 or 3 risk factors) compared to those with 0-1 risk factor (p = 0.0076 by log-rank test; Figure 4a ). Although not significant, overall survival was also shorter in HCC cases with multiple molecular risk factors (p = 0.1037; Figure 4b ). We also performed survival analysis using 152 HCC cases with curative resection (no cancer cells observed microscopically at the resection margin, denoted as R0 in Supplementary Table S5 ) among 168 HCC cases. Again, the RFS was significantly shorter in HCC cases with multiple molecular risks than in those with 0-1 molecular risk factor (p = 0.0058). 
Discussion
A variety of alterations in cancer-related genes have been detected in human cancers. For example, mutations in oncogenes and TSGs, loss and gain of chromosomal regions, regional methylation in the TSG promoters, and global hypomethylation, are recurrently reported in cancers including HCC [13, 26] . These alterations were reportedly associated with characteristics unique to cancer such as cell proliferation, invasion, and metastasis; it is conceivable that such alterations could act in concert and contribute to the establishment of aggressive tumor behavior. However, because of the complexity of genetic and epigenetic alterations that are observed in a single tumor, it is difficult to classify HCC based on molecular events. In this study, we extensively analyzed the molecular alterations of HCC. Based on these findings, we tried to classify HCC, and found that the classification and scoring system using common molecular alterations was beneficial to select the cases with high risk of tumor metastasis by dissemination after curative treatment.
For mutational analyses, we determined mutations in CTNNB1 and TP53 genes and in the TERT promoter that are commonly detected in HCC. So far, the effect of CTNNB1 mutation on tumor behavior is controversial. Several reports have showed that the presence of CTNNB1 mutation is associated with less aggressive tumor phenotypes, whereas the TP53 mutation represents HCC progression [27] [28] [29] . On the other hand, another study reported no association between CTNNB1 mutation and patient survival [30] . Rebouissou et al. showed that altered β-catenin activity was attributed to the position of the affected amino acid, where a cancer-specific phenotype was associated with mutations within the beta-transducin repeat-containing protein (β-Trcp) binding site [30] . The majority of CTNNB1 mutations detected our analysis were within the β-Trcp binding site, although some showed mutation at codon 41 and 45, that represented moderate and weak β-catenin activity, respectively. Recently, it was also reported that a non-proliferative class of HCC characterized by well-differentiated and low-aggressive phenotype consists of two subclasses characterized by gene expression patterns similar to perivenous and periportal hepatocytes, denoted as perivenous (PV) type and periportal (PP) type, respectively; the former shows frequent CTNNB1 mutation and the latter is associated with wild-type CTNNB1 [31] . Although the PP-type of HCC with wild-type CTNNB1 is characterized by low risk of metastatic recurrence, tumors with wild-type CTNNB1 also include proliferative type of HCC, such as those showing cancer extracellular matrix (ECM) remodeling/epithelial mesenchymal transition and stem cell (STEM) phenotype. Based on our classification using 125 HCC samples, the A2-subclass showed no CTNNB1 mutation, with the lowest rate of TP53 mutation, global hypomethylation, and a high FAL index. This subclass was characterized by low serum AFP levels, absence of vascular invasion, and a well-differentiated phenotype. Therefore, the PP-type of HCC, described by Desert et al., might roughly match the A2-subclass of our classification [31] . However, a considerable number of HCCs with wild-type CTNNB1 were members of the A1-and B1-subclass with TP53 mutation, global hypomethylation, chromosomal instability, and aggressive tumor phenotype, which could be characteristics of ECM-and STEM-type HCC. Therefore, the HCC cases with CTNNB1 mutation in our cohort generally showed a relatively less aggressive phenotype, compared to those with wild-type CTNNB1, although some cases with wild-CTNNB1 might also be less aggressive.
On the other hand, TP53 mutation has been reported to be associated with tumor progression [28] . We have previously shown that TP53 mutation was a character of advanced tumors, and was associated with the presence of chromosomal instability and global hypomethylation [16] . Boyault et al. also reported that TP53 mutation was frequently accompanied by chromosomal instability phenotype [32] . Hoshida et al. proposed that absence of CTNNB1 and presence of TP53 mutation is a characteristic for aggressive HCCs positive for stem cell markers such as cytokeratin 19 and Encamp [27] . Our data also demonstrated that A2-and B2-subtypes were less aggressive, whereas A1 and B1 were more related to the aggressive phenotype; CTNNB1 mutation was most frequent in B2, and TP53 mutation, FAL ≥ 21%, and significant global hypomethylation were characteristics of A1-and B1-subtypes. Therefore, it is conceivable that the combined presence of TP53 mutation, chromosomal instability, and global hypomethylation, might have a negative impact on the survival of HCC patients.
Although TERT promoter mutation and hypermethylation in TSG promoters were frequent in both B1 and B2, these were also commonly detected in other subtypes of HCC. Previously, we reported that hypermethylation of the APC, CDKN2A, RASSF1A, HIC-1, GSTP1, RUNX3, SOCS1, and PRDM2 genes is a frequent event, even in early HCC [33] , suggesting that hypermethylation of these TSGs could play a role in the early stage of hepatocarcinogenesis, and is independent of metastatic potential acquisition. TERT promoter mutation is also reportedly detected in preneoplastic lesions as well as at the early stage of HCCs [34] . Our analysis showed that the presence of TERT promoter mutation and hypermethylation in TSG promoters were associated with HCV presence, but not with characteristics related to tumor progression (Table 1) . Therefore, the methylation status of 8 selected TSGs and the TERT promoter should be a common feature of hepatocarcinogenesis, but may not necessarily reflect an aggressive tumor phenotype.
So far, many studies have been focused on the molecular factors of HCC that could affect the prognosis of the patients. For example, Chiang et al. analyzed copy number alteration and clinical outcomes among the patients who underwent surgical resection; gains of chromosome 7 were the risk of recurrence after surgical resection [35] . However, as the cases of recurrence after liver resection involve metastatic recurrence, as well as multicentric occurrence of de novo HCC that can be attributed to the carcinogenic potential of liver cirrhosis, it is unclear whether the molecular change was definitely associated with tumor metastasis or not. To clarify the molecular risk related to the metastatic recurrence, we then focused on the analysis of the cases with liver transplantation, where all recurrences are metastatic. Through the analysis of a large number of HCC and non-cancerous liver tissues obtained from liver resection, we considered that the molecular risk factors for tumor metastasis were the presence of TP53 mutation, broad chromosomal alteration, and global hypomethylation accompanied by the absence of CTNNB1 mutation. With these four molecular events, we established a scoring system and confirmed its performance using an HCC cohort with liver transplantation. For evaluating this scoring system, we specifically selected liver transplantation cases, because, as described above, the recurrences after the transplantation should not involve multicentric occurrence of de novo HCC. As shown in Figure 3 , HCC cases with 3 or more molecular risk factors (aggressive molecular pattern) showed shorter RFS compared to those with molecular risk factors ≤2 (mild molecular pattern). Due to the lack of the number of the patients who underwent liver transplantation, we also validated the performance of the molecular scoring system using the HCC dataset from TCGA, and successfully found that the molecular risk scores were also significantly associated with recurrence after curative liver resection. Through analysis using these strict validation cohorts, we found that scoring based on the commonly detected molecular events predict recurrence after curative treatment of HCC.
In this study, we classified HCCs based on commonly detected molecular events in tumors. As mentioned above, the genetic and epigenetic alterations in each HCC are complex, and should be affected by each other. This complicity makes the establishment of molecular-based HCC classification and a scoring system difficult to accomplish in a logical manner. From this perspective, we successfully established a molecular scoring system that reflects metastatic recurrence after curative treatment of HCC. Despite our comprehensive molecular analysis and robust validation, there are several limitations to this study; we analyzed the mutation and methylation of selected genes, which are commonly reported in HCC. Recent advancement of sequencing technology has revealed many genetic and epigenetic changes in HCC, although the majority of these alterations are not frequent enough to apply in molecular scoring systems [36, 37] . Therefore, the role of minor alterations reported in HCC on survival remains to be clarified. In addition, it is also unclear whether molecular alterations detected with low clonality might affect the biological characteristics of the tumor, which is associated with the patient fate. Nevertheless, based on the robustness of the validation in this analysis, we proposed that combined molecular analyses targeting common alterations in HCC are important in clinical practice; HCC patients in early/intermediate stage with high molecular risks can be treated by locoregional therapy or resection, in combination with systemic therapies, such as TKIs and immune-checkpoint inhibitors.
Materials and Methods
Patients
In total, 125 HCC and their non-cancerous liver tissues were obtained from liver resections, and analyzed for the classification of HCC tissues based on gene mutations, promoter methylation of TSGs, genome-wide hypomethylation, and chromosomal alterations. The details of the clinical background of the patients are shown in Supplementary Table S6 . Briefly, 95 patients were male and 35 were female. Median age was 63 years old (25th-75th percentile; 56-69). Twenty-seven patients are positive for HBsAg, 75 were positive for HCVAb, two were positive for both, and 21 were negative for both. The median maximum size was 3.6 cm (25th-75th percentile; 2.7-6). Fifty-eight and 65 HCCs were with and without vascular invasion, respectively (two were missing). Fifty-five were solitary, 58 were multiple (12 were missing). Thirty-six tumors were well-differentiated, 64 were moderately and 21 were poorly differentiated tumor (4 are missing). We used archived tissue samples for this study; the samples were obtained with the consent of patients at Kyoto University Hospital between April 1992 and April 2007.
For analyzing the molecular score of HCC based on comprehensive molecular analysis and emergence of metastatic recurrence, we examined HCC patients who underwent liver transplantation, because all recurrences after transplantation should be metastatic. In total, 25 patients were analyzed, and 6 showed recurrence during the median follow-up period of 30 months (range, 106.2-2.1); all the recurrences were extrahepatic. The details of the clinical background of the patients are shown in Supplementary Table S2 
Mutational Analysis of Cancer-Related Genes in HCC
We analyzed mutations of CTNNB1 and TP53 genes and the TERT promoter, because these are the most frequently mutated genes of HCC. Exon 3 of CTNNB1 and exons 5-8 of TP53 were analyzed for mutations in both HCC and non-cancerous liver tissues. Somatic mutations were confirmed by sequencing both sense and antisense strands. The TERT promoter was also analyzed, including the mutational hot spots at −124 and −146 bp from the ATG start site. Sequencing was performed using the direct Sanger technique. The details of the PCR primers and conditions were reported previously, and are summarized in Supplementary Table S7 [24, 28, 38] .
Detection of Regional Promoter Methylation of Tumor Suppressor Genes in HCC
We analyzed methylation levels in the promoter region of APC, CDKN2A, RASSF1A, HIC-1, GSTP1, RUNX3, SOCS1, and PRDM2, because these promoters showed frequent and dense methylation in HCC tissues compared to non-cancerous liver tissues, and an inverse relation was observed between methylation levels and gene expression through our previous analyses. For quantification of methylation levels, we applied COBRA. The details of the primers and restriction enzymes for COBRA were reported previously [33] . Bisulfite-treated CpGenome Universal Methylated DNA (CHEMICON International Inc., Temecula, CA, USA) was used as a positive control for methylated samples.
Detection of Global Hypomethylation in HCC
We quantified methylation levels of three types of rDNAs, LINE-1, Alu, and SAT2 because these methylation levels reportedly reflect the degree of global hypomethylation. Methylation levels were quantified using the MethyLight assay (StepOne real-time detection system; Applied Biosystems, Foster City, CA, USA). The methylation-independent Alu sequence was used as an endogenous control of amplification, as well as a reference for the normalization of input DNA as reported previously. A standard curve was generated using serial dilutions of bisulfite-treated CpGenome Universal Methylated DNA (Chemicon International Inc., Temecula, CA, USA). Methylation levels at each rDNAs sequence were normalized to those of CpG methylase-treated DNA. The details of all PCR primers and probes used in this assay and PCR conditions have been described previously [16] .
Quantification of Altered Chromosomal Region in HCC
We analyzed allelic imbalance for quantification of altered chromosomal regions using the ABI PRISM Linkage Mapping Set Ver. 2 (Applied Biosystems, Foster City, CA, USA). The details of PCR amplification and electrophoresis were described previously [39, 40] . We determined FAL, represented as the percentage of the locus showing allelic imbalance in the total informative alleles, as a representative of the extent of altered regions throughout the entire chromosome.
Statistics
We use Pearson's chi-square test or Fisher's exact test for comparison of categorical variables and the Wilcoxon rank-sum test and Student's t-test for continuous variables. For categorization of tumors based on the methylation level of TSG promoters, we performed hierarchical clustering analyses and determined HCCs with carrying relatively high promoter methylation levels (Supplementary Figure S1a) [33] . Similarly, progression of genome-wide hypomethylation was denoted as significant hypomethylation through hierarchical clustering analyses using the methylation levels of three kinds of rDNAs (Supplementary Figure S1b) [16] . For the categorization of tumors based on the degree of chromosomal alteration, we also classified tumors using the median value of FAL as those with a FAL score ≥ 21% and those with a FAL score < 21%. For molecular classification based on mutations, DNA methylation events, and chromosomal alterations, we applied the corresponding analysis followed by hierarchical clustering analyses using x values and y values of two-dimensional drawings from the corresponding analyses. Survival between two groups was estimated using Kaplan-Meier analysis, and univariate parameters were analyzed with a log-rank test. All p values were two-sided, and p < 0.05 was considered to indicate statistical significance. All statistical analyses were conducted using the JMP version 9.0 software (SAS Institute Inc., Cary, NC, USA).
Conclusions
We concluded that molecular risks determined by common genetic and epigenetic alterations could predict metastatic recurrence after curative treatments, and could be a marker for considering systemic therapy for HCC patients.
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